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The exchange-bias (EB) effect with sign reversal was found in LuFe0.5Cr0.5O3 ferrite-chromite, which is a weak
ferrimagnet below TN = 265 K, exhibiting antiparallel orientation of the ferromagnetic (FM) moments of the Fe
and Cr sublattices due to opposite sign of the Fe-Cr Dzyaloshinskii vector, as compared to that of the Fe-Fe and
Cr-Cr. The weak FM moments of the studied compound compensate each other at temperature Tcomp = 230 K,
leading to the net magnetic moment reversal and to observed negative magnetization, at moderate applied fields,
below Tcomp. Both vertical and horizontal shifts from the origin were gotten in the field-cooled magnetization
hysteresis loops. The EB sign was found to be positive below Tcomp and negative above Tcomp, with nonmonotonic
dependence on cooling field Hcool. It sharply increases at small values of magnetic fields up to Hcool ∼ 1 kOe,
then remains almost unchanged in the range 1–30 kOe and strongly decreases with further increase of Hcool. This




The exchange-bias (EB) effect discovered by Meiklejohn
and Bean [1] is at present a key instrument for practical appli-
cations in magnetic memory and spintronics. The EB, found
in a variety of magnetic heterostructures, is associated mainly
with an interfacial exchange interaction between strongly
anisotropic antiferromagnetic (AFM) and soft ferromagnetic
(FM) phases, leading to a shift of magnetization hysteresis loop
from the origin [2,3]. Recently, EB has been observed in some
ferrimagnets (FIMs) that exhibit spontaneous magnetization
reversal or negative magnetization, occurring when the net
magnetic moment becomes oriented opposite to the orientation
of the applied field [4–12]. An especially interesting finding is
that EB of compensated FIMs, composed of two AFM coupled
sublattices with opposite weak FM moments, reverses its sign
at crossing the compensation temperature Tcomp. Moreover,
EB can be modified by applied magnetic field and change in
temperature [6–9]. This striking feature is valuable for device
applications, such as thermally assisted magnetic random
access memories [13] and, on the other hand, it may help
to understand the microscopic origin of the EB anisotropy.
In this context, the observation of EB in single-phase and
single-crystal FIM materials [4–11] suggests the very different
origin of EB from that of the traditional EB involving the
FM/AFM interface. Such type of EB, which originates from
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the intrinsic exchange coupling within the unit cell, should be
referred as the atomic EB [14].
In this paper, we present the EB effect in a solid solution
of two weak ferromagnetic materials, namely orthoferrite-
orthochromite LuFe0.5Cr0.5O3, which is a representative of
exceptional class of FIM perovskite oxides with two magnetic
transition metal ions randomly distributed at the B sites and
one nonmagnetic cation at the A sites.
The unconventional concentration and temperature depen-
dence of magnetization with compensation effects in single-
crystalline mixed orthoferrite-orthochromites was observed
and explained by Kadomtseva et al. forty years ago [15]. The
unusual behavior of these compounds was explained within
the molecular field approximation (MFA) [15–18] using a
simple model considering the isotropic superexchange Vex =∑
m>n Jmn(Sm · Sn) and the antisymmetric Dzyaloshinskii-
Moriya (DM) VDM =
∑
m>n ( dmn · [Sm × Sn]) interactions,
where Jmn are the exchange integrals and dmn are the
Dzyaloshinskii vectors. Experimental values of the exchange
integrals JFeFe and JCrCr were estimated from the Néel tem-
peratures of RFeO3 and RCrO3 (R: rare earth), while JFeCr
was determined from fitting of the temperature dependence
of the hyperfine local field on 57Fe nuclei in YFe0.01Cr0.99O3
[19]. All the integrals are positive in sign, i.e., referring to
antiferromagnetic interactions, for instance in YFe1-xCrxO3:
JFeFe/kB = 18.3 K, JCrCr/kB = 9.4 K, JFeCr/kB = 6.7 K (see
also Ref. [20]). According to theoretical predictions [21,22],
Dzyaloshinskii vectors dFeFe and dCrCr possess the same
sign; however, it is opposite to the sign of the dFeCr vector:
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FIG. 1. (a) Concentration dependence of the low-temperature
magnetization/magnetic moment (recorded at T = 77 K) in
LuFe1-xCrxO3: Experimental data (circles) and MFA calculations
(solid curve). (b) Temperature dependence of magnetization/magnetic
moment in LuFe1-xCrxO3: Experimental data (circles) are given for
x = 0.6 (1), 0.5 (2), 0.2 (3), 0.1 (4), 0.0 (5); solid curves are the MFA
calculations. Both figures are reprinted from Ref. [16].
dFeFe ↑↑ dCrCr ↑↓ dFeCr. This leads to unconventional charac-
ter of the concentration and temperature dependence of magne-
tization M(x,T ). Low-temperature magnetization sharply falls
with substitution of Fe by Cr in YFeO3 or Cr by Fe in YCrO3
down to very small values near x = 0.5.
Experimental studies of the single-crystalline samples of the
mixed orthoferrites-orthochromites YFe1-xCrxO3 for a wide
range of substitution performed by Kadomtseva et al. [15]
did confirm theoretical predictions regarding the signs of the
Dzyaloshinskii vectors and revealed the weak ferrimagnetic
behavior due to a competition of Fe-Fe, Cr-Cr, and Fe-Cr
DM coupling with antiparallel orientation of the mean weak
ferromagnetic moments of Fe and Cr subsystems. In contrast
to YFeO3 and YCrO3, which are weak ferromagnets with the
main GxFz-type magnetic structure belowTN, the orthoferrites-
orthochromites YFe1-xCrxO3, which should be referred as
weak ferrimagnets [15], reveal full or partial GxFz-GzFx-
type spin reorientation for a wide range of substitution. This
unexpected behavior, which is typical for orthoferrites with
magnetic rare-earth ions (Er, Tm, Dy, …), was attributed
mainly to a strong decrease of the DM contribution to magnetic
anisotropy in the ac plane for x = 0.5−0.6 [18].
In contrast to the behavior of the yttrium system, the
lutetium orthoferrite-orthocromites LuFe1-xCrxO3 (x = 0.0,
0.1, 0.2, 0.5, 0.6, and 1.0) reveal the main GxFz-type mag-
netic structure without signatures of the spontaneous spin-
reorientation transition [16]. Concentration dependence of the
low-temperature (77 K) ZFC magnetization and temperature
dependence of magnetization are shown in Fig. 1. Both con-
centration and temperature dependencies of magnetization for
LuFe1-xCrxO3 are well described within a simple MFA model





It is worth noting that the previous measurements [16] did not
reveal compensation points; however, one cannot exclude the
existence of the compensation point for the doping level around
x = 0.5.
Revival of the interest in orthoferrites-orthochromites, first
of all in YFe1-xCrxO3, in the last decade [20,23–26] was
stimulated by perspectives to find the magnetization reversal
and EB effects, that are very promising in view of possible
applications. Both effects have been recently reported for sev-
eral ferrite-chromite systems such as YFe0.5Cr0.5O3 [27,28],
Y1-xHoxFe0.5Cr0.5O3 (x = 0, 0.05, 0.1) [29], LaCr1-xFexO3
(x = 0.4 to 0.6) [30], NdCr1-xFexO3 (x = 0.05−0.2) [31],
and NdFe0.5Cr0.5O3 [32], and were discussed in terms of
competition between the DM interaction and single-ion mag-
netic anisotropy [27–31]. It should be noted, however, that in
these publications hysteresis loops were recorded with very
small values of maximal field Hmax of 5–10 kOe [27,28,30,31]
and these curves do not show any reversible part, where the
ascending and descending branches of the loops coincide,
so they actually represent minor hysteresis loops. It is well
known that such curves are naturally displaced from the origin
which, however, is irrelevant to the exchange-bias phenomenon
[33,34]. Only in Refs. [29,32] hysteresis loops were recorded
at higher maximum field values, Hmax = ±30 kOe [29] and
±70 kOe [32], but the presented results cause also deep doubt
in the presence of the true EB effect, since hysteresis loops
remain unsaturated [33–35]. Hysteresis loops may properly
reveal the presence of the EB effect only when they are satu-
rated or effectively saturated. Geshev [33,34] proposed that the
presence of “true” EB in mostly AFM systems in the absence
of the saturation may be properly verified by recordings of the
“effectively saturated” hysteresis loops. A system is effectively
saturated when the ascending and descending branches of the
hysteresis loop coincide at fields higher than the anisotropy
field [33,34]. Recently, Harres et al. [35] suggested a few
independent criteria for discrimination between nonsaturated
(minor) and saturated (major) or effectively saturated hystere-
sis loops.
Most recently, Pomiro et al. [26] observed the spontaneous
magnetization reversal in polycrystalline LuFe0.5Cr0.5O3 be-
low TN = 290 K at Tcomp = 224 K. However, in the composi-
tion range near x = 0.5 the magnetization reversal is unstable.
Indeed, classical Monte Carlo simulation for LuFe1-xCrxO3
[20] does not support experimental finding of the magnetiza-
tion reversal in LuFe0.5Cr0.5O3. However, the magnetization
curve calculated for x = 0.4 reproduces well the experimental
curve reported for LuFe0.5Cr0.5O3. Below the Néel temperature
the magnetization due to the Fe3+ ions aligns in the direction
of the magnetic field, while the magnetization due to the
Cr3+ ions is opposite to the external field. The different
temperature dependencies of the magnetization of Fe3+ and
Cr3+ ions turn into the magnetization reversal; in particular at
low temperatures the contribution to the magnetization of the
Cr3+ ions becomes larger than the contribution of the Fe3+
ions. Hereafter, we present results of comprehensive magnetic
measurements that allowed us to evidence and elucidate the
magnetization reversal and EB effect in LuFe0.5Cr0.5O3. The
strong positive EB effect observed below Tcomp = 240 K down
to 10 K results from the net weak FM moment reversal at
modest positive applied field, yielding hence the negative
remanence in the course of the magnetization loop.
II. EXPERIMENTAL DETAILS
A polycrystalline LuFe0.5Cr0.5O3 sample was prepared by
the wet chemical method described thoroughly in Ref. [26].
The studied sample was single phase with the expected Pnma
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(a)
(b)
FIG. 2. Temperature dependence of magnetization of
LuFe0.5Cr0.5O3 measured at (a) H = 1 kOe and (b) H = 50 kOe for
ZFC and FC modes. The insets show derivative dM/dT vs T .
orthorhombic structure with lattice parameters a = 5.1967 Å,
b = 5.5270 Å, and c = 7.5195 Å, determined using x-ray
diffraction (XRD), and with the Fe/Cr occupancy at the
4b sites of 0.47(2)/0.53(2), obtained from neutron powder
diffraction (NPD) [26]. Detailed temperature evolution of the
crystal and magnetic structures in the range 4–300 K, as well
as basic magnetization characteristics of the LuFe0.5Cr0.5O3
sample, were already published [26]. For the present magnetic
studies, the LuFe0.5Cr0.5O3 powder, formerly studied by XRD
and NPD, was compacted into pellets under a pressure of
5 kbar. The magnetization measurements for the temperature
range 10–320 K in magnetic field up to 90 kOe, as well as
supplementary specific heat studies for the temperature range
2–300 K, in zero magnetic field and in the field of 90 kOe
were performed by using the vibrating sample magnetometer
and specific heat options of the physical property measurement
system (PPMS-9T) made by Quantum Design.
III. RESULTS AND DISCUSSION
Figure 2 presents the temperature dependence of magne-
tization of LuFe0.5Cr0.5O3 measured at (a) H = 1 kOe and
(b) H = 50 kOe for zero-field-cooling (ZFC) and field-cooling
(FC) modes. Figure 3 shows the remanent magnetization Mr
vs T recorded on warming at H = 0, after FC in cooling
field Hcool = 5, +50, and −50 kOe. The M(T ) and Mr(T )
curves show an abnormal feature that may be attributed to
(a)
(b)
FIG. 3. (a) Remanent magnetization Mr vs T recorded on warm-
ing at H = 0, after FC in Hcool = 5, +50, and −50 kOe, and
(b) corresponding derivatives dMr/dT vs T .
the reversal of the weak FM moment, which dominates the
magnetic behavior of LuFe0.5Cr0.5O3.
The magnetic system of the sample, frozen in its demagne-
tized state following the ZFC mode, represents an ensemble
of the nearly orthogonal to each other AFM vectors and weak
FM moments pointed in random directions. Hence, the ZFC
magnetization is positive (see Fig. 2), exhibiting mainly the
contribution from the AFM component while the FM moments
are compensated. In a wide low-temperature range, the ZFC
magnetization is larger than the FC one, even at the field of
50 kOe. The low-temperature FC magnetization is negative at
1 kOe, which indicates that its direction is opposite to the
applied field. The phenomenon of spontaneous FM moment
reversal is well demonstrated in Fig. 3 by the mirror-like behav-
ior of the two Mr(T ) curves, recorded at H = 0 after cooling
down to 10 K in two opposing fields, +50 and −50 kOe. In both
cases, the Mr is aligned opposite to the direction of Hcool below
temperature Tcomp = 230 K, at which the FM moments of Fe
and Cr sublattices compensate each other. Due to their different
temperature dependencies, the FM Fe moment prevails over
the Cr one above Tcomp, while the FM of Cr becomes larger
than that of Fe below Tcomp [20]. The weak FM moment
emerges consequently for the canted AFM spin ordering at
the Néel temperature TN = 265 K, defined by the minimum in
derivative dM/dT [inset of Figs. 2(a) and 3(b)]. Nevertheless,
the Mr remains nonzero far above TN, in agreement with the
NPD data suggesting that short-range ordered regions, whose
magnetism is dominated by the Fe3+-O-Fe3+ superexchange,
exist above TN [26]. A good agreement is observed in the
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values of TN, equal to 265 K as determined in this work,
to be compared with 260 K in Ref. [26], corresponding
to the maximum of the FC magnetic susceptibility, though
the magnetic order started at TN1 ≈ 290 K. The anomalies
in M(T ) around TS = 50 K (Fig. 2) are particularly well
pronounced by a sharp rise in magnetization with lowering
temperature, accompanied by peculiar features well seen in
Mr and especially in dMr/dT at H = 50 kOe (see Fig. 3).
They most likely point to the field-induced spin-reorientation
transitions in the studied weak FIM sample which represent an
interplay of spin-flop transitions such as Gz-Gzx in crystallites
with the AFM vector oriented predominantly collinearly with
external field and first-order transitions in crystallites with the
FM vector oriented predominantly opposite to external field
when “ … the sublattice magnetization vectors flip over in
such a way that the vector product M1 × M2 changes sign”
[36] with an “overturning” of the weak FM and lining up
along external field. Critical fields for these FM overturning
transitions depend strongly on both local Dzyaloshinskii (HD)
and anisotropy (HA) fields and could possibly be a power
function of the HA/HD ratio [36]. In rather strong magnetic
field, both transitions would lead to a positive contribution,
parallel to the field, to the overall FM and to a decrease
in Mr, while for small or moderate fields we arrive at a
competition between the AFM spin-flop susceptibility and
Zeeman contributions. This effect is clearly demonstrated in
Fig. 3(a), where the Mr is found to decrease or increase below
TS depending on the value of cooling field. However, strictly
stated, Figs. 2 and 3 demonstrate the temperature-driven spin-
reorientation transition under constant external magnetic field.
Figure 4(a) shows the magnetization hysteresis loops of
LuFe0.5Cr0.5O3 at 10 K measured between ±50 kOe in ZFC
mode and with cooling fields of +5 kOe and −5 kOe. The
loops demonstrate an important feature: while the ZFC loop is
entirely symmetric, the FC ones exhibit a substantial EB effect,
namely, both vertical and horizontal shifts from the origin. In
accordance with Ref. [37], the EB characteristics are defined
as the remanence asymmetry MEB = (M1 + M2)/2 and EB
field HEB = (H1 + H2)/2, where M1 and M2 are the remnant
magnetizations at the field decreasing and increasing branches
of the loop, respectively, and H1 and H2 are the respective
coercive fields [inset in Fig. 4(a)]. It appears that the positive
Hcool shifts the loop down causing the positive exchange-bias
field HEB, while an applied negative Hcool induces a negative
HEB. It is worth noting that MEB is close to Mr(10 K), since the
loop is relatively narrow [see Fig. 3(a)]. The loops demonstrate
the positive EB which is known to happen in conventional
AFM-FM interface systems, such as FeF2-Fe bilayers, in
the case of a specific spin configuration arising, when Hcool
is large enough to overcome the AFM interfacial coupling
[38]. Interestingly, these systems exhibit also a downwards
vertical shift of the hysteresis loop, similar to that seen in
Fig. 4(a), which indicates that the induced moment direction is
opposite to the direction of the cooling field [39]. However, the
downwards magnetization shift in FeF2-Fe bilayers is due to
the pinned interfacial spins that are not rotated by the applied
field and it always correlates with the negative EB at small
cooling fields [39], in contrast to the effect observed for the
LuFe0.5Cr0.5O3 ferrimagnet. It was also found that the sign of




FIG. 4. (a) Magnetization hysteresis loops of LuFe0.5Cr0.5O3 at
10 K measured between ±50 kOe for ZFC mode and for cooling fields
Hcool = +5 kOe and −5 kOe. Inset shows the loops in an extended
scale. (b) High-field derivatives dM/dH = χHF vs H for the cases
Hcool = 0 and 5 kOe. (c) FM components McalcFM of the loops presented
in panel (a) calculated by subtracting the AFM component according
to the equation McalcFM (H ) = M(H ) − χHFH .
which can be reversed by varying Hcool [40], whereas the
positive EB is a prerequisite for spontaneous magnetization
reversal [41]. Recently, the positive EB corresponding to the
negative magnetization around Tcomp was observed in the
ErFeO3 single crystal [9].
Let us discuss a possible origin of the EB anisotropy and
unusual highly nontrivial behavior of both ZFC and FC mag-
netization curves of LuFe0.5Cr0.5O3. The magnetic system of
the studied sample, frozen in its demagnetized state following
the ZFC mode, represents an ensemble of weak FM moments
pointed in random directions. Hence, the ZFC magnetization
is positive (see Fig. 2) exhibiting mainly the contribution from
the AFM component while the FM moments are compensated,
and the EB anisotropy is averaged to zero, leading to the
usual symmetric ZFC loop with positive remanence [inset in
Fig. 4(a)]. In contrast, when the sample is cooled through TN
in magnetic field Hcool, the weak FM moments resulting from
the canted AFM structure tend to align in the field direction.
Note that such FC induced moment alignment is possible even
at moderate Hcool, owing to the small anisotropy fields at
temperatures around TN. Consequently, the magnetic system
frozen at 10 K exhibits the oriented FM moments dominated by
the Cr spins, therefore, aligned oppositely to the applied field.
This is a source of the negative FC magnetization (Fig. 2) and
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positive EB anisotropy evidenced by a shift of the FC loop
towards positive fields.
The field dependence of derivatives dM(H,Hcool)/dH =
χHF at high applied fields, up to 50 kOe for the cases Hcool = 0
(ZFC mode) and +5 kOe, is shown in Fig. 4(b). Both the
ZFC and FC curves reveal saturation in fields near 50 kOe.
However, in the case of the FC mode with Hcool = +5 kOe the
magnetic susceptibility χHF, measured at negative field, that
is in the direction of Mr, coincides with that measured in the
ZFC mode, while χHF, measured in the case of the same FC
mode at positive applied field, that is in the direction opposite
to Mr , is by ∼ 6% smaller at H = 50 kOe than that measured at
positive applied field in the ZFC mode (on the contrary, in the
case of Hcool = −5 kOe, the χHF appears to be larger at positive
fields). Naturally, the χHFs are identical for both opposite field
directions in ZFC mode. The puzzling divergence of the χHFs
measured at positive/negative applied field in the FC mode
testifies that the applied field being as strong as 50 kOe is
insufficient to order the weak FMs. In other words, the field of
50 kOe is smaller than the maximal FM overturning field in
the studied polycrystalline sample.
The field-dependent weak FM contribution to magnetiza-
tion MFM(H ) may be derived from the magnetization loops,
based on the approximation that magnetization M(H,Hcool) is
composed of two contributions, a linear field-dependent AFM
contribution, χHFH , where χHF is the M(H,Hcool) slope at
high fields, and a field-dependent FM contribution from canted
AFM structure MFM(H,Hcool) as follows: M(H,Hcool) =
χHFH + MFM(H,Hcool). Strictly speaking, this relation should
be valid for applied field higher than the maximal FM
overturning field in a polycrystalline sample. A very similar
procedure applied to separate a tiny FM cluster phase response,
covered by the background signal of the dominant AFM matrix,
has been performed for the phase-separated charge-ordered
Pr1/3Ca2/3MnO3 EB system, exhibiting negative exchange-
bias field HEB and positive remanence asymmetry MEB [37].
Figure 4(c) presents the FM McalcFM (H,Hcool) curves determined
by subtracting the AFM component with χHF, calculated at
H = 50 kOe, from the original loops, shown in Fig. 4(a),
according to the equation McalcFM (H,Hcool) = M(H,Hcool) −
χHFH . As expected, theMcalcFM (H,Hcool) curves for the FC mode
with Hcool = 5 and −5 kOe can be sufficiently well reproduced
by a shift of the McalcFM (H,0) curve for the ZFC mode by the
values of −0.08 and +0.08 emu/g, respectively, that means
by the values close to Mr(10 K) [Fig. 3(a)]. Both the ZFC
and FC loops reveal visual saturation in fields ∼ 30 kOe that
would support the assumption regarding the high-field regime.
However, the specific symmetric shift of the FC loops with
regard to ZFC loops together with the peculiar behavior of
the susceptibilities near 50 kOe demonstrates that actually
spin-flip fields are not reached and the magnetization curves
shown in Fig. 4 most likely reflect a contribution of the field-
induced spin-reorientation transitions mainly in crystallites
with the FIM moment oriented parallel to the field direction.
The spin-flip transition in crystallites, in which after cooling
the low-temperature FIM moment is oriented oppositely to
the applied field, takes place at strong fields, probably much
larger than 50 kOe, due to small magnitude of the FIM
moment. Namely, such crystallites are characterized by lower
susceptibility due to opposite orientations of the applied field
and the Dzyaloshinskii field.
In order to understand better the FC induced polarization
of the weak FM moments in LuFe0.5Cr0.5O3, the influence
of the cooling field up to Hcool = 90 kOe on the EB param-
eters HEB and MEB was studied at 10 and 150 K. Figure
5(a) shows the central part of the M(H ) hysteresis loops at
10 K recorded with various Hcool. It appears that the HEB
and |MEB| first sharply increase with increasing Hcool, and
maximize at relatively small field ∼ 1 kOe, both at 10 and
150 K [see Figs. 5(c) and 5(d)]. This behavior verifies that
during the FC, the weak FM moments’ reorientation to the
field direction happens at temperatures around TN, at which
the anisotropy fields are small and therefore even a small
magnetic field is sufficient to overcome an anisotropy energy
barrier. Hence, the alignment degree of the FM moments
increases with increasing Hcool, and for the moderate Hcool
values between 1 and 15 kOe the hysteresis loops M(H ) show
the maximal field HEB and remanence asymmetry MEB, that
may be related to a maximal ordering of the weak FM moments.
Intriguingly, with further increasing Hcool, both loop shifts,
HEB and MEB, gradually decrease, and at Hcool = 90 kOe the
loop appears to locate near the origin [Fig. 4(a)]. The FM
components McalcFM of the loops with Hcool = +50 and +90 kOe
[Fig. 5(b)], calculated in manner described above, look like
those obtained for much smaller cooling fields Hcool = +5 kOe
[Fig. 4(c)]. However, they are shifted with regard to the
ZFC loop by smaller values McalcFM (0,Hcool) ≈ −0.06 and−0.02 emu/g, respectively, that is close to respective remnant
FM moments.
Let us compare the cooling field dependencies of HEB and
MEB presented in Figs. 5(c) and 5(d) with those obtained re-
cently for isostructural YFe0.5Cr0.5O3 [27–29]. Unfortunately,
a clear comparison is not conceivable, because of very different
HEB vs Hcool data of Refs. [27,28], obtained using a low
value of field Hmax = 5 kOe. Nevertheless, the HEB vs Hcool
dependencies were found to be very similar in both Lu and
Y compounds when measured with Hcool smaller than 5 kOe
(see Ref. [28]) while they appear strongly different at higher
Hcool [29]. Moreover, the HEB in YFe0.5Cr0.5O3 measured
at different maximal field Hmax of 5 kOe [28] and 30 kOe
[29] shows comparable values, implying a small minor loop
effect. Because of the importance of the minor loop impact,
discussed in the Introduction, we have checked this issue for
LuFe0.5Cr0.5O3, measuring the HEB and MEB vs Hmax depen-
dencies at 150 K with Hcool = 5 kOe; see inset in Fig. 5(d). It
appears that EB diminishes almost linearly, by ∼ 12% only,
with increasing Hmax from 10 to 90 kOe. In addition, a minor
reduction in EB was found also at higher Hcool; see black solid
symbols in Figs. 5(c) and 5(d). These results suggest that the
minor loop effect is not crucial in Lu and Y ferrite-chromite
FIMs, in strong contrast to that in conventional EB FM-AFM
phase-separated systems [33–35]. On the other hand, for both
compounds, the HEB vs Hcool dependence obtained at small
Hcool looks like that observed for FM-AFM phase-separated
systems [42]. In view of that, we have compared the HEB(Hcool)
dependence for LuFe0.5Cr0.5O3, obtained for restricted region
0 < Hcool < 5 kOe, with the theoretical one, proposed in Ref.
[37] for phase-separated systems consisting of single-domain
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FIG. 5. (a) Magnetization hysteresis loops of LuFe0.5Cr0.5O3 shown in extended scale, measured between ±50 kOe at 10 K for different
cooling fields Hcool. (b) FM components McalcFM of the loops with Hcool = 50 kOe and 90 kOe, calculated by subtracting the AFM component
according to the equation McalcFM = M − χHFH . Cooling field dependencies of EB field HEB (c) and remanence asymmetry MEB (d) at 10 K and
150 K. Solid symbols show the EB parameters derived from the loops measured between ±90 kOe at 150 K. Inset of (c) presents successful fit
of Eq. (1) to the HEB vs Hcool dependence for low cooling fields. Inset of (d) shows the linear decrease of both HEB and |MEB| with increasing
maximal measuring field Hmax at 150 K.
FM clusters embedded in the AFM matrix:
HEB ∝ J {[Jμ0/(gμB)2]L(μHcool/kBTf ) + Hcool}, (1)
where J is the interface exchange constant, g = 2 is the
gyromagnetic factor, μB is the Bohr magneton, L denotes the
Langevin function, μ0 = 4μB is the average magnetic moment
of Fe and Cr spins per molecule, μ = Nμ0 is the magnetic
moment of the FM clusters with N number of spins, and
Tf = 270 K is the temperature below which the EB appears.
Equation (1) has been frequently used for evaluation of the FM
cluster size in a variety of EB phase-separated systems, such
as manganites and cobaltites [42]. The solid line in the inset
of Fig. 5(c) represents the best fit with Eq. (1) obtained for
the values of fitting parameters N = (2.1 ± 0.06) × 106 and
J/kB = −(4.9 ± 1) K. The calculated value of N corresponds
to the FM cluster size of 60 nm, and the interfacial exchange
interaction J is of the AFM nature. Despite the successful
fit within small Hcool, an attempt of fitting the HEB(Hcool)
dependence including fields higher than 5 kOe failed (the
errors overcame the fitting parameter values), indicating that
the above model [37] linked to the FM-AFM phase-separated
systems is inappropriate for our single-phase FIM.
Although the EB is similar in both Lu and Y compounds
at small Hcool, it dramatically differs at high Hcool. Namely,
EB in YFe0.5Cr0.5O3 was found to change sign from positive
to negative at Hcool > 10 kOe [29] whereas in LuFe0.5Cr0.5O3
it remains positive up to Hcool = 90 kOe; see Figs. 5(c) and
5(d). The origin of this discrepancy is puzzling because
both exchange and DM interactions in both compounds were
estimated to be comparable [20]. Note that the cooling-field-
induced transition from positive EB to the negative one is oppo-
site to that observed in AFM-FM FeF2-Fe bilayers when large
enough Hcool overcomes the AFM interfacial coupling [38,39].
Nevertheless, such transition at Hcool ∼ 100 kOe has been ob-
served recently in ferrimagnetic core/shell nanoparticles with
AFM interfacial coupling, based on Fe and Mn oxides [43].
It should be noted that the above scenario of the FC
induced EB anisotropy in the LuFe0.5Cr0.5O3 polycrystalline
sample resembles the mechanisms of the emerging EB in
the usual FM/AFM interface exchange-biased systems. In the
studied FIM, the cooling field Hcool leads to the field-induced
alignment of the weak FM moments, i.e., the formation of a
clear FIM structure with the FM easy axis along the applied
field, and in the case of the usual FM/AFM interface the Hcool
induces a similar FM alignment of uncompensated AFM spins
at the interface, giving rise to the unidirectional anisotropy.
Therefore, in LuFe0.5Cr0.5O3 single crystals with the FIM
structure and with the FM easy axis along the field H , one
can expect that the EB is not dependent on the Hcool value (of
course, in the range of moderate applied fields), as has been
observed in ErFeO3 single crystal [9].
Additionally, we have examined the magnetic training
effect (TE) for EB in LuFe0.5Cr0.5O3, which is considered
an important tool to bring information about the nature of
EB. In traditional exchange-biased FM-AFM interface sys-
tems [2,3,37], the TE refers to the gradual decrease of the
EB field HEB under an increasing number of consecutively
104416-6












































































FIG. 6. (a) The M(H ) loops performed consecutively ten times
between ±50 kOe at 10 K after cooling in field of 5 kOe. The inset
shows variation of the first coercive field H1 with increasing loop
number n. (b), (c) The field HEB and remanence asymmetry MEB
at 10 K, obtained with Hcool = 5 kOe, versus increasing number of
recurrent hysteresis loops. (d), (e) Relative change in HEB and MEB
during magnetic training between ±50 kOe with Hcool = 50 kOe at
10 K and 150 K.
performed hysteresis loops at a fixed temperature, and the
origin of TE is generally linked to the spin rearrangement at
the interface [44,45]. Figure 6(a) presents the M(H ) loops
performed consecutively ten times between ±50 kOe at 10
K after FC with Hcool = 5 kOe. They show that EB does not
diminish as usually observed in traditional FM/AFM systems,
but on the contrary, both HEB and |MEB| increase slightly
during the training [see Figs. 6(b) and 6(c)]. Very similar
behavior was found also for training with Hcool = 50 kOe and
Hmax = 50 kOe performed at temperatures 10 and 150 K [see
Figs. 6(d) and 6(e)]. It appears that the apparent changes in
EB occur between the first and the second loops, due to the
large shift of the descending branch [see inset in Fig. 6(a)],
while the EB changes induced by the next hysteresis cycles
are within experimental errors. Such type of TE, representing
absence of the thermally activated magnetization processes, is
identified as athermal training [44]. The athermal TE leading
to the increase of the positive EB has been first observed in



































































FIG. 7. (a) Magnetization hysteresis loops of LuFe0.5Cr0.5O3
measured between ±50 kOe with cooling field Hcool = 5 kOe at
different temperatures. (b) Some loops presented in (a) shown in
an extended scale. Temperature dependencies of EB field HEB (c)
and remanence asymmetry MEB (d). Inset in (c), presenting the
enlargement of the curve of the main panel in the vicinity of Tcomp,
shows that EB is positive below Tcomp and negative above Tcomp.
(e) Temperature dependencies of specific heat of LuFe0.5Cr0.5O3
measured in zero magnetic field and in the field of 90 kOe. The curve
measured in magnetic field is shifted along the Cp axis by the value
given in parentheses.
negative to positive EB with increasing Hcool [46]. It was
suggested that the GdFe magnetization reversal, at the first
cycle, induces a new spin configuration in the TbFe layer, to
minimize the energy, and it remains unchanged with additional
field cycling [46]. The increase of the positive EB during TE
was further observed in antiferromagnetic NiFe/IrMn bilayers
[44]. In contrast, no TE was noticed in the case of negative EB
in GdFe/TbFe bilayers [46]. Similarly, we have not found any
visible TE for the case of negative EB (data not shown), which
occurs in LuFe0.5Cr0.5O3 at temperatures between Tcomp and
TN. According to the TE results, the positive EB anisotropy,
once induced under FC and frozen at low temperature, is very
stable and remains unchanged after numerous field cycles
within ±50 kOe. Both the FM moment, directed against the
applied field, and HEB even increase slightly, by ∼ 2%, after
the first magnetization cycle. Lack of the typical TE suggests
an unusual EB nature in the LuFe0.5Cr0.5O3 ferrimagnet.
Magnetization hysteresis loops of LuFe0.5Cr0.5O3 measured
between ±50 kOe with cooling field Hcool = 5 kOe at different
temperatures between 290 and 10 K are presented in Fig. 7(a),
while Fig. 7(b) shows the FC loops in an extended scale. The
hysteresis in the M(H ) loop exists even at 290 K indicating
that the short-range-ordered regions remain well above TN, in
accordance with NPD results [26]. Note also that the width
of loops, which represents the average coercive field HC,
defined as HC = (H2 − H1)/2, does not change practically
in a wide temperature range. The temperature dependencies
of EB parameters HEB and MEB, derived from the M(H )
loops, are shown in Figs. 7(c) and 7(d), respectively. One can
see that EB is negative above Tcomp = 240 K, and it exists
even slightly above TN in agreement with the presence of a
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short-range order, while below Tcomp down to 10 K the EB
is positive, representing the field HEB > 0 and remanence
asymmetry MEB < 0. Very similar gradual EB change with
reversal of sign across the Tcomp has been reported recently
for YFe0.5Cr0.5O3 [27] and Y1-xHoxFe0.5Cr0.5O3 (x = 0, 0.05,
0.1) [29] ferrite-chromites, and also for other FIM systems pre-
senting a magnetization reversal, such as Sr2YbRuO6 double
perovskite [6] and La0.2Ce0.8CrO3 nanoparticles containing a
FM Co core and AFM CoO shell [47]. In contrast, several
exchange-biased FIMs, such as GdCo-Co multilayers [14],
and Nd0.75Ho0.25Al2 [4], Co(Cr0.95Fe0.05)O4 [8], ErFeO3 [9],
and TmCrO3 [48] single-phase materials show very different
behavior at Tcomp; namely, EB practically disappears far from
Tcomp, but it increases and diverges approaching Tcomp, and
changes sign crossing Tcomp. This exclusive behavior may be
understood within the model proposed by Webb et al. [14] for
simple FIM comprising two AFM coupled sublattices, A and B,
with opposite magnetic moments. According to this model, the
EB field is inversely proportional to the net magnetic moment
(MA − MB); therefore, HEB becomes noticeable around Tcomp
only, when moment (MA − MB) becomes small enough, and
it diverges at Tcomp. Moreover, the sign of HEB is determined
by the direction of the moment (MA − MB) with respect to
the applied field. Since LuFe0.5Cr0.5O3 shows very different
temperature dependence of EB, we assume that it has a more
complicated magnetic structure than that considered in the
simple Webb model, probably due to the presence of the
competing DM interactions in ferrite-chromites.
In order to verify the interpretations presented above,
supplementary specific heat studies were performed. Specific
heat of the LuFe0.5Cr0.5O3 pellet, used previously in the
magnetization studies, was measured from 2 K to 300 K in
zero magnetic field and in the field of 90 kOe. The measured
dependencies presented in Fig. 7(e) show that the anomaly
related to the magnetic phase transition at ∼ 260 K is very
weak and smeared, which is consistent with the results of
the magnetization studies that revealed the presence of the
short-range magnetic ordering up to 290 K. No anomaly was
observed in the zero-field temperature dependence of specific
heat at Tcomp. This is consistent with theoretical predictions that
in zero magnetic field the compensation point [49] is related
neither to any change of the system symmetry nor to any phase
transition. On the other hand, in nonzero magnetic field, spin
reorientation transitions are expected to appear near Tcomp at
relatively low field. Thus, it is rather strange that no anomalies
related to such transitions were observed in the dependence
measured in the field of 90 kOe. This can be attributed to the
fact that in the polycrystalline sample, crystallographic axes
of particular grains are oriented randomly with respect to the
direction of the applied field and thus such spin reorientation
transition appears at different temperatures in particular grains,
which makes these small specific heat anomalies unnoticeable
in the temperature dependence of the specific heat of the whole
sample. The same explanation can be assumed for the lack of
a specific heat anomaly at TS.
IV. CONCLUSIONS
In summary, the exchange-bias effect was found and investi-
gated in the weak ferrimagnet LuFe0.5Cr0.5O3 with two canted
Fe and Cr AFM sublattices with oppositely directed weak
FM moments, signified at low temperatures by the magnetic
moment reversal and negative magnetization. It was found that
the field-cooled magnetization hysteresis loops show the EB ef-
fect, namely both vertical and horizontal shifts from the origin.
The EB is positive below Tcomp and negative above Tcomp due to
weak ferrimagnetic behavior of LuFe0.5Cr0.5O3 permitting the
magnetic moment reversal governed by a specific competition
of the DM interactions between Fe3+ and Cr3+ ions.
Specific symmetric shift of the FC loops with regard to ZFC
loops together with peculiar behavior of the susceptibilities
near 50 kOe demonstrate that actually the maximal FM
overturning fields are not reached and magnetization curves
most likely reflect a contribution of the field-induced spin-
reorientation transitions near TS ≈ 50 K, mainly in crystallites
with the weak FM moment oriented parallel to the field direc-
tion. Full FM overturning in crystallites with FIM moment ori-
ented oppositely to applied field takes place at very strong field,
probably much larger than 50 kOe, due to small magnitude of
the FIM moment. Such crystallites are characterized by a lower
susceptibility due to opposite orientations of the applied field
and the Dzyaloshinskii field. The training procedure shows
that the EB field does not decrease with increasing number of
cycles as usually observed in traditional FM/AFM systems. On
the contrary, it increases slightly, pointing to the stability of the
EB observed. It should be noted also that the variety of such
extraordinary properties as high compensation temperature
Tcomp = 240 K, temperature-controlled positive/negative EB
below/above Tcomp, and switching of the magnetization direc-
tion to the opposite one by magnetic field without changing
its polarity makes the LuFe0.5Cr0.5O3 ferrimagnet a promising
candidate for application in magnetic memories.
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